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We discuss a new mechanism in which non-perturbative quantum gravity effects directly generate 
a Majorana mass for the neutron. In particnlar, in string theory, exotic instantons can generate 
an effective six quark operator by calculable mixed disk amplitudes. In a low string scale scenario, 
with Ms ~ 10 ^ 10® TeV, a neutron-antineutron oscillation can be reached in the next generation 
of experiments, we argue that protons and neutralinos are not destabilized and that dangerous 
FCNCs are not generated. We show an example of quiver theories, locally free by tadpoles and 
anomalies, reproducing MSSM plus a Majorana neutron and a Majorana neutrino. These models 
naturally provide a viable baryogenesis mechanism by resonant RH neutrino decays, as well as a 
stable WIMP-like dark matter. 


I. INTRODUCTION 


Testing low energy B/L-violating processes is crucially 
important for our understanding of particle masses and 
matter-antimatter asymmetry in our Universe. Inspired 
by these deep motivations, experiments on neutrinoless- 
double-beta-decays are very active, constraining the Ma¬ 
jorana neutrino. However, also a neutron can also 
have an effective Majorana mass term! Majorana him¬ 
self first suggested the neutron as a Majorana fermion 
[1]. In terms of Weinberg effective operators, such a 
mass term corresponds to a six-quark dimension-9 term 
(udd)^/A4nnMnn,dmnn are connected each other 
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where 5mnn is the Majorana mass o f the neutron, Tnn the 
neutron-antineutron transition time | ^ P | Contrary to neu- 
trini, a Majorana neutron can be directly tested in oscil¬ 
lations: neutron-antineutron transitions! The best limit 
on neutron-antineutron transitions in vacuum is around 
Tnn > 3yr, from Baldo-Coelin experiment in Grenoble 
(’97’) [^. This seems surprising if compared to other rare 
processes like proton decay Tp > 10^® yr and neutrinoless 
double-beta decays > lO^^yrn As discussed in 
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^ 'I’he validity of these estimations of non-perturbative QCD effects 
were checked in [30. 

^ Neutron-Antineutron transition can be also a hint for a new fifth 
force interaction [T|. 

^ A so fast n — n transition in vacuum not destabilizes nuclei: 
Neutron-Antineutron oscillations are not just excluded by Su- 
perkamiokande experiment 0. In fact, contrary to decay pro¬ 
cesses, a, n — n oscillation is strongly suppressed by the nuclear 
binding energy in the nuclear environment. In fact, a transition 
from a binding neutron to a practically unbounded antineutron 
inside nuclei is energetically unfavored: the effective low energy 
Hamiltonian of the neutron-antineutron system will have diago¬ 
nal terms with a difference between of 10^^ digits up than off- 
diagonal Majorana masses, so that the transition time in nuclei 
will be suppressed up to ~ yr [MTU. See 

Appendix C for explicit calculations of these suppression effects. 


EHII], there is the exciting opportunity to enhance cur¬ 
rent limits on n — n transitions up to Tnn — 300 yr, with 
an experimental set-up a la Baldo-Coelin -with external 
magnetic field |n| ~ 10“® -b 10“® Gauss 

Recently, we have suggested that a Majorana mass 
for the neutron can be indirectly generated by non- 
perturbative effects of string theories known as exotic 
instantons [HHS]- Exotic instantons are peculiarly dif¬ 
ferent from gauge instantons. In fact, they cannot be 
reconstructed by an ADHM classification of gauge in¬ 
stantons. Usually gauge instantons can ’strongly’ violate 
axial global symmetries. On the other hand, exotic in¬ 
stantons can ’strongly’ violate global vector-like symme¬ 
tries, like Baryon/Lepton ones. These effects are often 
calculable and controllable in open string theories. In 
open-string theories, all instantons admit a simple ’’ge¬ 
ometric” interpretation. In fact they are Eucliden D- 
branes, or E-branes, wrapping an internal cycle, that 
could intersect the ‘physical’ D-branes. All gauge instan¬ 
tons of ADHM can be re-obtained by E-branes wrapping 
the same n-cycles of ordinary D-branes. On the other 
hand, ’exotic instantons’ are E-branes wapping different 
n-cycles of ordinary D-branes. See for useful ref¬ 

erences on these aspects . As shown in [HHH], they can 
dynamically violate starting discrete symmetries Zk of 
a perturbative lagrangian. However, depending on their 
intersections with ordinary D-branes, they induce only 
specific operators, not necessarily all the possible Zk- 
violating ones. In our first models, we have suggested 
that a Onn can be mediated by exotic matter with non- 
perturbative couplings induced by exotic instantons. In 
this sense, we have defined these mechanisms ’indirect’ 
ones. 

In this paper, we suggest a new mechanism for the 
generation of an effective Majorana mass for the neu- 


^ To realize these experiments with suppressed magnetic fields is 
necessary in order to not suppress n—n oscillations. For example, 
the Earth magnetic field (0.5 Gauss) will split the energies of 
neutron and antineutron of 2p,yiBe — 10“^^ eV. This energy is 
10^^ higher than the present limit on the Majorana mass for the 
neutron {Sm„fi < 10“^^ eV ~ 10“®s“l). 
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tron: we propose a simple and calculable mechanism 
generating Onn totally by exotic instantons, without the 
need for any mediator-fields. This could be a counter¬ 
example to UV Wilsonian completion of effective opera¬ 
tors. Wilsonian UV completion has manifested itself as a 
successful approach in a lot of well understood examples 
in particle physics. Probably the most famous exam¬ 
ple is the UV completion of the Fermi model of weak 
interaction with a gauge theory of electroweak interac¬ 
tions, i.e the non-renormalizable four fermion interac¬ 
tion is resolved as an exchange of a massive W boson. 
However, we will show how effective operators as six- 
quark operators can be completed by exotic instantons 
rather than by integrating-out new massive fields. In our 
proposal, we will show how for Mg = 10 ^ 10^ TeV, a 
neutron-antineutron transition can be found in the next 
generation of experiments. We will see how this scenario 
can be compatible with two of the most elegant solu¬ 
tions to the hierarchy problem of the Higgs mass: TeV- 
scale susy, or alternatively with low scale string theories 
with Mg = 10TeV [221 - 124] . We are in LHC era, which 
will provide a lot of important inputs also for our model 
in the immediate future! On the other hand, we will 
also consider ’less appealing’ scenarios for LHC, com¬ 
patible with a PeV-ish M.nn ■ In fact, the case of a 
MgusY — Mg ~ 10^ TeV remains compatible with a 
Ainn — 1000 TeV neutron-antineutron transition. In 
this last case, electroweak scale is fine-tuned for a fac¬ 
tor mn/Mg ^ 10“^, rather than mn/Mpi ~ 10“^^, i.e 
the hierarchy problem is alleviated. We will also discuss 
explicit examples of un-oriented quiver theories reproduc¬ 
ing at low energy limit a (MS)SM with a Majorana neu¬ 
tron, a electroweak-scale mu-term, neutrini masses from 
Right-handed neutrini (compatible with RH-neutrino de¬ 
cay Ral baryogenesis), WIMP-like dark matter, without 
destabilizing nucleons. 

II. (MS)SM QUIVERS FOR AN EXOTIC 
MAJORANA NEUTRON 

A MSSM can be embedded in a quiver theory 
with at least three nodes, reproducing a gauge theory 
U{3)a X U{2)h X U{l)c, in type H A string theory. The 
basic elements are few ones: Z?6-branes wrapping 3-cycles 
in the Calabi-Yau CY^, one of these will be a flavor 
brane, one Q-plane, U2-instantons, open strings attached 
to 116-branes and £’2-branes. Stacks of three parallel D6- 
branes will reproduce U{3)a, and so on. (MS)SM mat¬ 
ter fields in the bi-fundamental representations of SM 
gauge groups are reproduced, in the low energy limit, 
by open (un)oriented strings attached to two intersect¬ 
ing D6-branes’ stacks. For example, a Qg superfield 


® See for useful references on open string theories and orientifolds 
|25H,S5| . See | 661482| for useful literature on MSSM quiver theo¬ 
ries. 



FIG. 1. A tree-nodes quiver for a Majorana neutron. We not 
reports all instantons generating Yukawa couplings yiHdLE’^ 
and yd.HdQD’^, and the /r-term. We also omit possible exotic 
fields getting consistent our quiver from the point of view of 
tadpoles cancellations and massless hypercharge U(1)y, dis¬ 
cussed in |75| . This quiver shows the number of intersec¬ 
tions of E2 with 3,2,1-stacks, generating six-quarks superpo¬ 
tentials. 
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FIG. 2. A four-nodes Madrid quiver for a Majorana neutron. 
We not reports all instantons generating Yukawa couplings, 
^-term and RH neutrini masses. We also omit possible exotic 
fields getting consistent our quiver from the point of view of 
tadpoles cancellations and massless hypercharge f/(l)y, dis¬ 
cussed in [75]. This quiver shows the number of intersec¬ 
tions of E2 with 3,2,1-stacks, generating six-quarks superpo¬ 
tentials. 


comes from an open string attached to a-stack, repro¬ 
ducing C/(3), and b-stack, reproducing U{2). The num¬ 
ber of generations is reproduced by the number of in¬ 
tersections among D6-branes’ stacks. For example, the 
three generations of quarks correspond to three inter¬ 
sections between a-stack and b-stack. In these models, 
hypercharge U{1)y is a massless combination of U{l)a 
contained in U{3)a — SU{3) x U{l)a; U{^)b contained in 











3 



FIG. 3. A four-nodes SM quiver. We omit the E2-instanton 
generating a Majorana mass for the neutron. Similarly to 
Fig. 1-2 such an i?2-instanton can be consistently introduced. 

U{2)t, ~ SU{2) X [/(!),; and C/(l),: 

U{1)y = qaU{l)a + qbU{l)b + qcU[l)c (2) 

As regards the two extra anomalous 17(l)’s, they can 
be cured by the generalized Green-Schwarz mechanism. 
Intriguingly, anomalous 17(1) are impossible to be consis¬ 
tently included in gauge theories while they can be oppor¬ 
tunely cured in string theories. In the stringy extension 
of the (MS)SM as the ones in consideration, two new 
vector bosons Z’ ,Z" are generically predicted, getting a 
mass through a Stiickelberg mechanism, and interacting 
through generalized Chern- Simon (GCS) terms. In fact 
GGS are introduced in order to cancel all anomalies. See 
[SSHSni for an extensive discussion on these aspects. 

In a minimal tree-nodes configuration, (MS)SM super¬ 
fields can be reconstructed as follows: Ql as (a, 5) or 
{a,b)]UR as (d_,c); Dr as (d,c); i7„ as (6,c); Hd as (6,c); 
L as (6, c) or (6, c); Er as (c, c'). 

For these intersections, the correspondent hypercharge 
is Uil)Y = \U{l)a + ^U{l)c. 

However, in order to guarantee that such a model is 
free by tadpoles and that U{1)y associated to H is a 
massless combination, usually one has to add extra ex¬ 
otic matter in order to satisfy these two stringent con¬ 
dition. A complete classification of extra massive states 
was shown in m- Typically, extra vector-like pairs and 
charged singlets are often introduced for consistency. 

These models cannot reproduce all the MSSM Yukawa 
couplings at perturbative level. For example, yuHuQU'^ 
is generate at perturbative level, but not HdHdQD'^ and 
yiHdLE'^. However, they can be generated by E2- 
instantons, opportunely intersecting D6-branes’ stacks, 
with yd ^ e and yi ^ e pTI - l55| . where 
Se^ e^ depend on geometric moduli associated to 3- 
cycles wrapped on CY 3 by E 2 , £l 2 -instantons. Also a 
/r-term is not generated at perturbative level, but it can 
be generated by exotic instantons as just proposed in 


|61H63| . In particular, as shown in im El], one ob¬ 
tain fi = where Mr is the string scale, while 

e~^E 2 " depends by geometric moduli parameterizing 3- 
cycles wrapped on CY 3 by F12"-branes respectively. Prac¬ 
tically, in these local models, we can consider 
as free-parameters, depending on the particular geometry 
of the exotic instantons considered. 

Let us consider in this class of models, the presence of a 
new £'2-brane intersecting two times the U (3)-stack, two 
times the t7(l)-stack, four time the 17(l)'-stack. These 
mixed disk amplitudes lead to effective interactions be¬ 
tween and fermionic zero moduli (modulini). In 

fact, modulini are obtained by open strings attached to 
DG-stacks and £12-stacks rather than to D6-D6. Let us 
assume that this £’2-instanton has a Ghan-Paton factor 
0(1), i.e it is placed on a H^-plane (symmetric). Calling 
T* modulini living between U (3)-i?2, a modulini between 
U{1) — E2 and f3 between 17(1)' — i?2, the following ef¬ 
fective interactions are generated: 

£e// cfu}na + cfD)nP (3) 

Integrating on the modulini space associated to the D6- 
E2 intersections, we obtain 

'We2 = J ( 4 ) 

p—SE2 ! ! , 

.■^V|pT.p — ^ 7 ) (1) (2) (2) (2) (2) . , flavor 

wnere - Cf^ is tne tlavor 

matrix, and c7’^) are related on the particular homology 
and topology of the mixed disk amplitudes, so that we 
can assume these as free parameters. Superpotential 
corresponds to the ope for n — n transitions 

(5) 

where M .%2 — and Mrusy comes from the 

susy conversion of squarks into quarks through the ex¬ 
change of a gaugino as a gluino, zino or photino, yi = 
-y(l) 

For the quiver shown in Fig.l, a first problem is the 
perturbative generation of Wal=i = yLQijLQU'^, violat¬ 
ing L of AL = 1. This superpotential has to be tuned 
close to zero, in order to avoid a dangerous proton desta¬ 
bilization. 

Now, let us discuss another possible case with four 
nodes, known as Madrid-embedding, with hypercharge 
U{1)y = \U{\)a + \U{l)c + \U{l)d- In this class 
of quiver, one could obtain discrete symmetries like R- 
parity from the Stueckelberg mechanism of anomalous 
17(I)s. as discussed in [83]. For this motivation, the 
generation of a Majorana mass for the neutron, as well 
as a Majorana mass for the neutrino, comes from an op¬ 
portune iil2-instantons, dynamically breaking R-parity so 
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that a selection rule AB = AL = 2 will emerge. As a 
consequence, no other bilinear or trilinear R-parity vio¬ 
lating superpotentials are generated. 

A Madrid-embedding allows for Ql as {a,b) or (a, 6); 
Ur as (a, c) or {a,d); Dr as (a, c) or {d,d); Lr as (6, c), 
(6, cj, {b,d), {b,d);_ER as (c, d) or or Sc, NR_as Ab 
or Ab or (c, d) or (&, d); Hu as (6,c) or_(6^c) or {b,d) or 
(6, d); Hci as (6, c) or (6, c) or (6, d) or (6, d). 

Generically, also in this case, several MSSM Yukawa 
couplings will be not generated at pertubative level, but 
they can be non-perturbatively generated by opportune 
A2-instantons, as mentioned above for three-nodes’ quiv¬ 
ers. 

In Fig.2, we show a possible example, in which MSSM 
Yukawa couplings have to be generated by exotic instan- 
tons. In order to cancel all tadpoles and to guarantee 
a massless hypercharge, one has to introduce extra ex¬ 
otic matter, as in the case mentioned above. A complete 
classification of exotic superfields introduced for consis¬ 
tency was shown in m also for this case. In Fig.2, we 
show how an £’2-instanton generating Q can be easily 
introduced as in the three node case. 

These examples seem to sustain the quite generality of 
such a mechanism, for several models in literature |691 

Eg. 

In other models a possible viable alternative can be 
considered: an A2-instanton, with modulini coupled to 
Q and D rather than U and U, as @ 

^e// -- (6) 

where ji are modulini living between E2 — C/(3), ry be¬ 
tween E2 — 17(2), C between E2 — C7^(l) (17(1)^ is the 
involved C/(I) depending by the specific quiver). Inte¬ 
grating on the modulini space we generate an effective 
superpotential 


yVE2 


J d^Td?C.d^'qe 




( 7 ) 
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The associates ope for n — n transitions is 
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{q^q^^dpiq^q^d^) 


( 8 ) 


where again and 2/2 = Minn- 

Finally, similarly to Fig. 1-2, the mechanism can be im¬ 
plemented in a completely consistent quiver without ex¬ 
tra exotic colored or electroweak states (see Fig.3) and 
with all SM yukawa couplings pertubatively allowed. 
The hypercharge in this model is the combination of 3 
charges, coming from C/(l) 3 , C/(l) and 


( 9 ) 


We can fix the coefficients in such a way as to recover the 
standard hypercharges: 



Y{Q) = 1 = C3 

( 10 ) 


Ym = -l = -c3-c[ 

( 11 ) 


Y{D^) = ^ = -c, + c\ 

( 12 ) 


Y(L) = -1 = Cl 

(13) 


Y{Hd) = -Y{Hu) = -1 = -c'l 

(14) 


Y{E'^) = 2 = -Cl + c'l 

(15) 


Y{Nr) = 0 = -Cl - c'l 

(16) 

leading to 



1 

C3 - 3 , 

Cl = -1, c'l = 1 Y = ^(73 

- gi + <7i' 


Let us note that the quiver in Fig. 3 is free of tadpoles 
and the hypercharge U(1)y is massless. A generic quiv¬ 
ers has to satisfy two conditions in order to be anoma¬ 
lies’/tadpoles’ free and in order to have a massless hyper¬ 
charge. The first one associated to tadpoles’ cancellations 
is 


Na^Ea ETTa') = dTTn (18) 


where a = 3,1,1' in the present case, 3-cycles wrapped 
by “ordinary” D6-branes and tTu' 3-cycles wrapped by 
the ’’image” D6-branes. Eq.(18) can be rewritten as a 
function of field representations 


Va ^ a' #F„-#E„+(iV,+4)(#5a-#5a)+(iVa-4)(#A,-#A,) 

( 19 ) 

where Fa, Ea, Sa, Sa, Aa,Aa are fundamental, symmetric, 
antisymmetric of U{Na) and their conjugate. For Na > 1 
these coincide with the absence of irreducible SU{Nap 
triangle anomalies. For Na = 1, these are stringy con¬ 
ditions that can be rephrased as absence of ‘irreducible’ 

U{lp i.e. those arising from inserting all the vector 
bosons of the same 17(1) on the same boundary. Let us 
explicitly check tadpole cancellation for the 3,1, 1' nodes: 


17(3) : 2nQ — no — nu = 6 — 3 — 3 = 0 (20) 

17(1): 2nL-UE-riN = G-3-3 = 0 (21) 


17(1)' : Ur — riN + 3nR) — 3nu = 3 —3-I-3-3 —3-3 —3 = 0 

( 22 ) 


Y{Q) = csqs + ciqi + c[q[ 
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The quiver in Fig.3 also satisfies the condition a mass¬ 
less vector boson U(1)y, with Y = J2a'^aQa, 

CaNaiTTa - K) = 0 (23) 

a 

corresponding to 

CaNa{#Sa - #Sa + #^a " #A) (24) 

- y] ctmmFa, f^) - #{f,, Ft)) = o 

b^a 

For c|" = 1/3, cf = — 1, = 1, these conditions are 

satisfied in each quiver nodes. On the other hand, the 
massive (anomalous) f7(l)’s correspond to ^iQs + Qi and 
to 3(53 — Q'l- This can can be demonstrated calculating 
the anomaly polynomial. 

A. Comments on proton decay, dark matter, 
FCNCs, Baryogenesis 

In our models, exotic instantons generate AL = 2 vio¬ 
lating mass terms for neutrini and AS = 2 violating mass 
term for the neutron. As a consequence, in R-parity pre¬ 
serving models, R-parity is dynamically violated at non- 
perturbative level, so that other AL, B = 1 superpoten¬ 
tials are not generated. As a consequence, a selection rule 
Ai3, L = 2 has emerged in this mechanism. No-proton 
decays operators have been generated. In fact, 

Wmssm + ItumNN + (25) 

cannot generate a proton decay as well as the lightest 
neutralino remains stable. Clearly the same is valid for 

Wmssm + \rnNNN + -^QQD'^QQD^ (26) 

On the other hand, extra diagrams CP-violating FCNCs 
in mesons’ physics, such as Kq — Kq,Bo — Bq,..., are 
strongly suppressed in our model, up to 1000 TeV-scale. 
This is an interesting difference with respect to other 
neutron-antineutron models, usually involving extra col¬ 
ored states leading to non-negligible contributions to FC¬ 
NCs. 

The next answer regards baryogenesis. In fact, 
or {qqd^Y/M-nn can generate collisions 
ud'^d'^ —?> u'^d'^d'^ or qqd‘^ qqd'^. Supposing an initial AL 
generated by RH-neutrini decays one has to be careful 
about washing-out action of six-quarks’ collisions B — L 
and sphalerons B + L. However, the problem is solved 
if simply rriM < M-nn- in this way, six quarks collisions 
are not relevant during out-of-equilibrium RH-neutrini 
decays. 

Taking into account these considerations, let us discuss 
the different branches of parameters in our model. In or¬ 
der to obtain a Mnn — 1000 TeV, we have several region 
of parameters. We discuss the main interesting ones. 


1 ) Msusy — ■M.E 2 — 1000 TeV. M.e 2 = 

so that a case Msusy — Ms — 1000 TeV, with ^ 

l|^ seems a natural possibility. The condition is 

geometrically understood as small radii 3-cycles wrapped 
by the iil2-brane in the CY 3 . In this scenario, Mjv — 
g-SE 2 ’ X (1000TeV). However, usually, for a successful 
baryogenesis, Mjv mass has to be higher than Davidson- 
Ibarra bound Mn > 10® TeV. On the other hand, RH 
neutrini masses are generated by E2' and their values de¬ 
pend on the particular geometry of the mixed disk ampli¬ 
tudes. As a consequence, a resonant leptogenesis scenario 
seems favored by this space of the parameters, consider¬ 
ing at least two highly degenerate RH neutrini masses. In 
this case, Davidson-Ibarra bound is completely avoided, 
and RH neutrini masses can be also Mj^ ~ 1 TeV or so, 
as quantitatively shown in [M]. A RH neutrini degener¬ 
ate spectrum can be understood geometrically by mixed 
disk amplitudes involved. As a consequence, is 

constrained to 1 ^ 10“®. Hierarchy problem of the Higgs 
mass is alleviated of a 10 “^® factor in this scenario, as 
(Ms/lO^® GeV)^. In this scenario, LHC will not observe 
any signatures. 

2) Msusy — I TeV and Me — 10 ® TeV. In this case, 

a scenario for supersymmetry at LHC can be immedi¬ 
ately tested in the next run. Such a scenario corresponds 
to several different String-scales: Me = Mse'^^^ 2 /^ ~ 
10 ® TeV is compatible with Ms = 10 TeV and ^ 

10 ^ (large 3-cycles), as well as with Ms = 10 ® TeV 
and e'^^Eil'i l (small 3-cycles). As regard leptoge¬ 
nesis, Mat = e~^E 2 'Ms so that M^ = 1 10 ® TeV 

for several different combination of e~^E 2 ' and Ms {i.e 
^+E 2 / 3 y Again, in all these scenari, a resonant leptoge¬ 
nesis with at least two degenerate species of RH neutrini 
is desired. In this case a stable neutralino dark mat¬ 
ter with mass 10 1000 GeV is easily obtained, and the 

mu-problem is solved and understood as a hierarchy gen¬ 
erated by the £’2"-brane among the string scale and p, as 
^ = e~^E2"Ms- Q 

The most optimistic scenario for LHC is for Ms = 
10 TeV. In this case, signatures of Stringy Regge states 
will be immediately tested by LHC. For Ms = 10 TeV, 
also signatures by anomalous Z', Z" with Stueckelberg 
masses mz\z" ~ Ms can be tested at LHC, with peculiar 
channels from Generalized-Chern-Simons terms. See [HB] 
for a recent discussion on these aspects. 


° However, in this limit, 3-cycles are so small that semiclassical 
approximation cannot be applied. Limit on semiclassical validity 
is On the other hand, Qs can also be large as Qs ~ 0.5 

or so. 

^ Alternatively, the presence of a parallel intersecting D-branes’ 
world can contribute to dark matter. If the vev in the parallel 
sector was different from the vev in our sector, the dark halo 
would be a non-collisional one, composed of dark atoms. See 
m for a recent discussion on these aspects and implications in 
dark matter direct detection phenomenology. 
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III. CONCLUSIONS AND REMARKS 

In this paper, we have discussed a simple mechanism 
directly generating a Majorana mass for the neutron from 
exotic instantons. These effects are completely calcula¬ 
ble and controllable. Usually, a Weinberg operator is UV 
completed by massive ordinary fields, integrated-out at 
low energy limit. In our case, we have shown a counter¬ 
example to the Wilsonian UV completion: a six quark 
operator like {udd)^/M^f^ is UV completed by exotic in¬ 
stantons El 

We have explicitly discussed examples of quivers re¬ 
producing the (MS)SM, with a Majorana neutron and 
Majorana neutrini. In these models, operators leading 
to a proton decay are not generated. In this framework, 
dark matter is not destabilized, and a successful resonant 
leptogenesis through RH neutrini decays can be realized. 
Starting from a B/L preserving model. Exotic instantons 
have dynamically broken R-parity, so that A{B — L) =2 
selection rules have naturally emerged, rather than im¬ 
posed ad hoc. In the ’LHC era’, LHC data will provide 
important inputs for our model, constraining or likely 
discovering direct signatures also connected to our class 


of models, for several different regions of the parameters’ 
space... On the other hand, the possibility to improve the 
best current limit on neutron-antineutron transition in 
the near future is technically possible and well motivated 
by theoretical principles. The ’crazy idea’ of Majorana 
in ’37’ has never been so relevant and intriguing as now! 


Acknowledgments 

I would like to thank Massimo Bianchi, Ralph Blume- 
naghen, Gia Dvali, Cesar Gomez, Ryan Griffiths, Fer¬ 
nando Quevedo, Jim Halverson, Augusto Sagnotti, Jose 
Valle and the anonymous referee for useful comments 
and remarks. I also would like to thank the organiz¬ 
ers of String Phenomenology 2015 (Madrid) for hospital¬ 
ity, where this letter was started and Ludwig Maximil- 
lian Universitat (Miinchen) for the hospitality during the 
completion of this letter. My work was supported in part 
by the MIUR research grant Theoretical Astroparticle 
Physics PRIN 2012GP-PYP7 and by SdC Progetto spe- 
ciale Multiasse La Societa della Conoscenza in Abruzzo 
PO FSE Abruzzo 2007-2013. 


[1] E. Majorana, Theory of the Symmetry of Electrons and 
Positrons, Nuovo Cimento 14, 171 (1937). 

[2] S. Rao and R. Shrock, Phys. Lett. B 116, 238 (1982). 

[3] S. Rao and R. E. Shrock, Nucl. Phys. B 232, 143 (1984). 

[4] M. 1. Bucho, C. Schroeder and J.Wasem, PoS LATTICE 
2012, 128 (2012) |arXiv: 1207.3832 [hep-lat]]. 

[5] M. I. Buchoff and M. Wagman, arXiv: 1506.00647 [hep- 
ph]. 

[6] M. Baldo-Ceolin et al, Z. Phys. C 63, 409 (1994). 

[7] A. Addazi, Nuovo Cim. C 038 (2015) 01, 21. 

[8] K. Abe et al. [Super-Kamiokande Collaboration], Phys. 
Rev. D 91 (2015) 072006 arXiv: 1109.4227 [hep-ex]]. 

[9] K.S. Babu, et al., arXiv:1311.5285 

[10] K. Babu, et al. arXiv: 1310.8593 

[11] A.S. Kronfeld, R.S. Tschirhat, U. Al. Binni, W. 
Altmannshofer, C.Ankenbrandt, K.Babu, S. Banerjee 
and M.Bass et al. Project X: Physics Opportunities, 
arXiv:1306.5009 [hep-ex] 12 Jul 2013. 

[12] M. Bianchi and M. Samsonyan, Int. J. Mod. Phys. A 24 
(2009) 5737 arXiv:0909.2173 [hep-th]]. 

[13] M. Bianchi and G. Inverse, Fortsch. Phys. 60 (2012) 822 
arXiv:1202.6508 [hep-th]]. 

[14] M.Bianchi, G.Inverse, J. F. Morales, D. R. Pacihei JHEP 
1401 (2014) 128, arXiv: 1307.0466 


We are tempted to suggest that exotic instantons can be viewed 
as classicalons in internal dimension from the point of view of 
scattering amplitudes. Classicalization was firstly suggested by 
Dvali and collaborators [871188], and recently it was studied con¬ 
sidered in the contest of non-local QFTs |89| (see also |90| for 
discussions of scattering amplitudes in A/* = 1 non-local QFTs). 
However, this conjecture will deserve future investigations be¬ 
yond the purposes of these paper. 


[15] A. Addazi and M. Bianchi, JHEP 1412 (2014) 089 
I arXiv: 1407.2897 [hep-ph]]. 

[16] A. Addazi, JHEP 1504 (2015) 153 arXiv: 1501.04660 
[hep-ph]]. 

[17] A. Addazi and M. Bianchi, JHEP 1507 (2015) 144 
arXiv:1502.01531 [hep-ph]]. 

[18] A. Addazi and M. Bianchi, JHEP 1506 (2015) 012 
I arXiv: 1502.08041 [hep-ph]]. 

[19] A. Addazi, arXiv:1504.06799 [hep-ph]. 

[20] A. Addazi, arXiv:1505.00625 [hep-ph], to appear in 
EJTP. 

[21] A. Addazi, arXiv:1505.02080 [hep-ph]. 

[22] N. Arkani-Hamed, S. Dimoponlos, G. Dvali (1998). 

Physics Letters B429 (34): 263272. |arXiv:hep- 

ph/9803315 

[23] I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos, G. Dvali 
(1998). Physics Letters B436 (34): 257263. |arXiv:hep- 
ph/9804398;. 

[24] L. Randall and R. Sundrum, Phys. Rev. Lett. 83 (1999) 
3370 hep-ph/9905221 . 

[25] A. Sagnotti, Phys. Lett. B294 (1992) 196 hep- 
th/9210127. 

[26] G. Angelantonj and A. Sagnotti, Phys. Rept. 1 
[(Erratum-ibid.) 339] arXiv:hep-th/0204089 

[27] G. Pradisi and A. Sagnotti, Phys. Lett. B 216 (1989) 59. 

[28] D. Fioravanti, G. Pradisi and A. Sagnotti, Phys. Lett. 
B321 (1994) 349 arXiv:hep-th/9311183 . 

[29] A. Sagnotti, in *Palaiseau 1995, Susy 95* 473-484 hep- 
th/9509080 . 

[30] A. Sagnotti, Nucl. Phys. Proc. Suppl. 56B (1997) 332 
arXiv:hep-th/9702093 . 

[31] M. Bianchi and A. Sagnotti, Phys. Lett. B 247 (1990) 
517. 

[32] M. Bianchi and A. Sagnotti, Nucl. Phys. B 361 (1991) 





7 


519. 

[33] M. Bianchi, G. Pradisi and A. Sagnotti, Nucl. Phys. B 
376 (1992) 365. 

[34] C. Angelantonj, M. Bianchi, G. Pradisi, A. Sagnotti 
and Y. .S. Stanev, Phys. Lett. B 385 (1996) 96 hep- 
th/9606169 . 

[35] C. Angelantonj, M. Bianchi, G. Pradisi, A. Sagnotti 
and Y. S. Stanev, Phys. Lett. B 387 (1996) 743 hep- 
th/9607229 . 

[36] G. Aldazabal, L. E. Ibanez, F. Quevedo, and A. M. 
Uranga, JHEP 08 (2000) 002, hep-th/0005067, 

[37] M. Cvetic, G. Shin, and A. M. Uranga, Phys.Rev.Lett. 
87 (2001) 201801, arXiv:hep-th/0107143 [hep-th]. 

[38] R. Blumenhagen, B. Kors, D. Lust, and S. Stieberger, 
Phys.Rept. 445 (2007) 1-193, arXiv:hep-th/0610327 
[hep-th]. 

[39] D. Cremades, L. E. Ibanez and F. Marchesano, JHEP 
0307 (2003) 038 hep-th/0302105 . 

[40] L. A. Anchordoqui, Adv. High Energy Phys. 2012 (2012) 
129879 arXiv:1108.5694 [hep-ph]]. 

[41] M. Berasaluce-Gonzalez, L. E. Ibanez, P. Soler and 
A. M. Uranga, JHEP 1112 (2011) 113 arXiv: 1106.4169 
[hep-th]]. 

[42] M. Cvetic, J. Halverson and R. Richter, arXiv:0910.2239 
[hep-th]. 

[43] M. Cvetic, J. Halverson and R. Richter, JHEP 1007 
(2010) 005 |arXiv:0909.4292 [hep-th]]. 

[44] M. Cvetic, J. Halverson and P. Langacker, JHEP 1111 
(2011) 058 |arXiv:1108.5187 [hep-ph]]. 

[45] L. A. Anchordoqui, H. Goldberg, D. Lust, S. Stieberger 
and T. R. Taylor, Mod. Phys. Lett. A 24 (2009) 2481 
arXiv:0909.2216 ]hep-ph]]. 

[46] J. A. Maxin, V. E. Mayes and D. V. Nanopoulos, Phys. 
Rev. D 81 (2010) 015008 arXiv:0908.0915 [hep-ph]]. 

[47] J. A. Maxin, V. E. Mayes and D. V. Nanopoulos, Phys. 
Rev. D 81 (2010) 015008 arXiv:0908.0915 [hep-ph]]. 

[48] V. Rosenhaus and W. Taylor, JHEP 0906 (2009) 073 
arXiv:0905.1951 ]hep-th]]. 

[49] L. E. Ibanez and R. Richter, JHEP 0903 (2009) 090 
arXiv:0811.1583 ]hep-th]]. 

[50] D. Berenstein, R. Martinez, F. Ochoa and S. Pinansky, 
Phys. Rev. D 79 (2009) 095005 arXiv:0807.1126 [hep- 
ph]]. 

[51] C. Kokorelis, JHEP 0209 (2002) 029 hep-th/0205147 . 

[52] C. Kokorelis, JHEP 0208 (2002) 036 hep-th/0206108 . 

[53] P. Anastasopoulos, M. Bianchi, E. Dudas and E. Kiritsis, 
JHEP 0611 (2006) 057 hep-th/0605225 . 

[54] J. De Rydt, J. Rosseel, T.T. Schmidt, A. Van Proeyen 
and M. Zagermann, Class. Quant. Grav. 24 (2007) 5201 
arXiv:0705.4216 [INSPIRE]. 

[55] D. Feldman, Z. Liu and P. Nath, Phys. Rev. D 75 (2007) 
115001 hep-ph/0702123 [INSPIRE]. 

[56] B. Kors and P. Nath, Phys. Lett. B 586 (2004) 366 hep- 
ph/0402047 [INSPIRE]. 

[57] P. Anastasopoulos, F. Fucito, A. Lionetto, G. Pradisi, 
A. Racioppi and Y.S. Stanev, Phys. Rev. D 78 (2008) 
085014 arXiv:0804.1156 [INSPIRE]. 

[58] C. Coriano, N. Irges and E. Kiritsis, Nucl. Phys. B 746 
(2006) 77 hep-ph/0510332 [INSPIRE]. 

[59] M. Bianchi and E. Kiritsis, Nucl. Phys. B 782 (2007) 26 
hep-th/0702015 . 

[60] M. Bianchi and E. Kiritsis, Nucl. Phys. B 782 (2007) 26 
hep-th/0702015 . 


[61] R. Blumenhagen, M. Cvetic and T. Weigand, Nucl. Phys. 
B 771 (2007) 113 [hep-th/0609191 . 

[62] L. E. Ibanez, A.M. Uranga, JHEP 0703 (2007) 052. 

[63] L.E. Ibanez, A.N. Schellekens, A.M. Uranga JHEP 0706 
(2007) Oil. 

[64] R. Blumenhagen, M. Cvetic, D. Lust, R. Richter 
and T. Weigand, Phys. Rev. Lett. 100 (2008) 061602 
arXiv:0707.1871 ]hep-th]]. 

[65] M. Cvetic, J. Halverson and R. Richter, JHEP 0912 
(2009) 063 |arXiv:0905.3379 [hep-th]]. 

[66] G. Aldazabal, L. E. Ibanez, F. Quevedo, and A. M. 
Uranga, JHEP 08 (2000) 002, hep-th/0005067, 

[67] M. Cvetic, G. Shiu, and A. M. Uranga, Phys.Rev.Lett. 
87 (2001) 201801, arXiv:hep-th/0107143 [hep-th]. 

[68] R. Blumenhagen, B. Kors, D. Lust, and S. Stieberger, 
Phys.Rept. 445 (2007) 1-193, arXiv:hep-th/0610327 
[hep-th]. 

[69] D. Cremades, L. E. Ibanez and F. Marchesano, JHEP 
0307 (2003) 038 hep-th/0302105 . 

[70] L. A. Anchordoqui, 1. Antoniadis, D. C. Dai, W. Z. Feng, 
H. Goldberg, X. Huang, D. Lust and D. Stojkovic et al, 
Phys. Rev. D 90 (2014) 6, 066013 arXiv: 1407.8120 [hep- 
ph]]. 

[71] D. Lust and T. R. Taylor, arXiv: 1308.1619 [hep-ph]. 

[72] L. E. Ibanez, arXiv:1204.5296 [hep-th]. 

[73] M. Hashi and N. Kitazawa, JHEP 1202 (2012) 050 
[JHEP 1204 (2012) 011] [arXiv:1110.3976 ]hep-ph]]. 

[74] M. Cvetic, J. Halverson and R. Richter, arXiv:0910.2239 
[hep-th]. 

[75] M. Cvetic, J. Halverson and P. Langacker, JHEP 1111 
(2011) 058 [arXiv:1108.5187 [hep-ph]]. 

[76] L. A. Anchordoqui, H. Goldberg, D. Lust, S. Stieberger 
and T. R. Taylor, Mod. Phys. Lett. A 24 (2009) 2481 
arXiv:0909.2216 ]hep-ph]]. 

[77] J. A. Maxin, V. E. Mayes and D. V. Nanopoulos, Phys. 
Rev. D 81 (2010) 015008 arXiv:0908.0915 [hep-ph]]. 

[78] L. E. Ibanez and R. Richter, JHEP 0903 (2009) 090 
arXiv:0811.1583 ]hep-th]]. 

[79] D. Lust, S. Stieberger and T. R. Taylor, Nucl. Phys. B 
808 (2009) 1 arXiv:0807.3333 [hep-th]]. 

[80] D. Berenstein, R. Martinez, F. Ochoa and S. Pinansky, 
Phys. Rev. D 79 (2009) 095005 arXiv:0807.1126 [hep- 
ph]]. 

[81] C. Kokorelis, JHEP 0209 (2002) 029 hep-th/0205147 . 

[82] C. Kokorelis, JHEP 0208 (2002) 036 hep-th/0206108 . 

[83] P. Anastasopoulos, R. Richter and A. N. Schellekens, 
arXiv: 1502.02686 [hep-th]. 

[84] A. Pilaftsis and T. E. J. Underwood, Nucl. Phys. B692 
(2004) 303. 

[85] A. Addazi, Z. Berezhiani, R. Bernabei, P. Belli, F. Cap- 
pella, R. Cerulli and A. Incicchitti, Eur. Phys. J. C 75 
(2015) 8, 400 arXiv:1507.04317 [hep-ex]]. 

[86] L. A. Anchordoqui, 1. Antoniadis, D. C. Dai, W. Z. Feng, 
H. Goldberg, X. Huang, D. Lust and D. Stojkovic et al, 
Phys. Rev. D 90 (2014) 6, 066013 arXiv: 1407.8120 [hep- 
ph]]. 

[87] G. Dvali, D. Pirtskhalava, Phys.Lett. B699 (2011) 78-86, 
arXiv:1011.0114 [hep-ph]. 

[88] G. Dvali and C. Gomez, JCAP 1207 (2012) 015 
arXiv:1205.2540 ]hep-ph]]. 

[89] A. Addazi, arXiv: 1505.07357 [hep-th], to appear in 
Int.J.Mod.Phys. 

[90] A. Addazi and G. Esposito, Int. J. Mod. Phys. A 30 
(2015) 1550103 arXiv: 1502.01471 [hep-th]]. 






